This manuscript describes two MEMS based optical sensors for wall shear stress and velocity measurements in flow fields. Experimental results obtained with the wall shear stress sensor, the MicroS 3 , are compared with boundary layer velocity measurements obtained with a traversing laser Doppler anemometer.
Introduction
Recent advances in micro fabrication [1] and micro-optics has enabled the development of micro optical sensors for quantities such as pressure and temperature, and for fluid flow measurements such as velocity and wall shear stress.
These microsensors offer the advantage of being non-intrusive, embeddable in small wind tunnel models, and capable of remote in-situ monitoring.
The sensors described in this paper are designed around diffractive optics technology. The diffractive optical elements (DOEs) surface relief profiles are fabricated in a thin film of E-beam resist (PMMA or PMGI) that is spin-coated on a fused silica or other substrate to a thickness of approximately two microns [2, 3] . The diffractive optical elements, a few hundred microns in size, replace large conventional optical setup and enable the fabrication of micro sensors.
MEMS wall shear stress sensors use either the displacement of a floating element, heat dissipation, or an interferometric pattern to determine the shear at the wall [4] . We describe results obtained with an optical shear stress sensor based on a technique developed by Naqui and Reynolds [5] that uses a diverging fringe pattern to measure the velocity gradient at the wall. Optical velocity measurements close to a surface are often hampered by background scattered light and accurate positioning of the probe volume near the surface. Because they are embeddable, microsensors solve the probe volume positioning and background scattered light problem.
We describe preliminary measurement obtained with a time-of-flight micro velocimeter in a microchannel where the background-scattered l ight can be a significant obstacle. Finally, we describe an optical MEMS based particle sizing sensor capable of detecting particles as small as 0.1 microns.
The MEMS Based Sensors
Diffractive Optical Element: DOE The enabling optical elements in these microsensors are the diffractive optical element (DOE) that produces the desired optical pattern within such small space. The DOE takes the form of a shallow surface relief pattern that is etched into a transparent substrate.
The surface relief pattern is designed to produce phase variation in the laser beam such that the light will form an interference pattern that approximates the desired image.
A DOE can be designed using a modified version of the iterative Fourier transform (IFT) algorithm (also known as the Gerchberg-Saxton algorithm [6] ). This algorithm utilizes the well-known Fourier transform relationship between the near field (just past the DOE) and the far field (focal plane of DOE). For high efficiency and ease of fabrication, it is best if the DOE implements a phase-only transmission function, i.e. no spatial magnitude variation is required. This constraint makes it impossible to simply inverse the Fourier transform of the desired far-field image to find the near field (and hence the DOE function) because the inverse transform will generate magnitude variation as well as phase in the near field. The IFT design algorithm overcomes this problem by iterating between the near and far field planes many times, constraining the far-field intensity to the desired pattern and constraining the near field to have phase-only variation. After a sufficient number of iterations, the far field intensity approximates the desired image and the DOE is phase only. A photograph and atomic force microscope scan of a dual-line focus-laser lens DOE are shown in Figure 1 . The DOE was fabricated on a 500 µm thick quartz substrate by analog direct-write electron-beam lithography on polymethyl methacrylate (PMMA) followed by acetone development. DOEs are capable of shaping light in a wide range of geometries. A DOE was designed and fabricated to shape light into two elongated light spots (this DOE was used in the fabrication of a time-of-flight velocimeter described below). The comparison between modeling results and the optical pattern obtained with the fabricated DOE is shown in Figure 2 . The DOE is designed to shape two elongated light spots 5 mm above the DOE surface. The DOE is illuminated with the light output of a pigtailed laser (single mode fiber output) emitting at 660 nm. The width of the light spots is slightly larger in the measured light intensity patterns and the light patterns are not as uniform however the similarity between the simulated and the measured intensity is excellent. These small discrepancies are most likely caused by a slight difference in the light source illumination pattern between the simulation and the experiment. 
Principle of operation
The optical shear stress sensor developed for this experiment is based on a technique first presented by Naqwi and Reynolds using conventional optics. They projected a set of diverging fringe patterns and used the Doppler shift to measure the gradient of the flow velocity at the wall. The local fringe separation, δ, designed to be linear with the distance from the sensor, y, is given by
, where k is the fringe divergence rate. As particles in the fluid flow through the linearly diverging fringes, they scatter light with a frequency f that is proportional to the instantaneous velocity and inversely proportional to the fringe separation at the location of particle trajectory as shown in Figure 3 . The velocity of the particle is therefore in the linear sub-layer region of the boundary layer. The signal conditioning and processing required for the shear stress sensor is identical to those used for the LDA instrument. A more detailed description of the sensor is given previous publications [7, 8] .
A photograph of the shear stress sensor is shown in Figure 4 . The sensor chip, 4 mm x 4 mm, is mounted into the sensor element location shown on the front face of the assembly. The diverging fringe pattern is illuminated with the help of a fogger. 
Description of the experiment
The shear stress sensor was tested with a miniature laser Doppler anemometer (LDA) in a water tunnel facility at the Graduate Aeronautics Laboratory of the California Institute of Technology. The miniature LDA and the shear stress sensors were mounted on a flat plate at x=34.93 cm and 39.37 cm from the leading edge, as shown in Figure 5 . The results of the boundary layer survey for free-stream velocities of U 0=18.1 and U0=26.9 cm/s are shown in the insert in Figure 6 . A Blasius and a Falkner-Skan profile were fitted to the data. Although both fit agreed well with the velocity survey, a closer examination of the data indicated that the measured velocity close to the wall exhibit a weak favorable pressure gradient. This favorable pressure gradient was accurately measured by the shear stress sensor as shown by the results displayed in Figure 7 .
The velocity gradient obtained with the shear stress sensor exhibit an excellent agreement with the Falkner-Skan fit of the velocity data. 
Time-of-Flight Micro Velocimeter
An optical MEMS based time-of-flight velocimeter, MicroV (photograph shown in Figure 8 (a)), was used to measure the velocity profile inside a microchannel. This time-offlight sensor uses one DOE to shape the optical probe volume as two elongated light spots (75 µm long and 25 µm apart) 5 mm of the sensor surface, and a second DOE to collect the backscattered light off the particles intersecting the light spots, as depicted in Preliminary measurements were obtained with using the MicroV described above in a 400 µm x 100µm micro channel. Calculation of the flow velocity using volumetric quantities yielded 0.41 m/s. The probe volume size of this sensor is not small enough to measure the velocity profile close to the microchannel walls. However, this sensor, although not designed for such application, is capable of measuring accurately the average velocity. The measured velocity using volumetric information yielded a velocity of 41 cm/s, which compares well with the velocity measurement using the MicroV.
Micro Particle Counter/Sizer
The sensor described here utilizes specially designed diffractive optic elements and simple optical components to measure the instantaneous size and speed of dust particles using Mie scattering [9, 10] . The proposed instrument concept for the Particle-Sizing Velocimeter is shown schematically in Figure  9 . The components of the proposed sensor (without the processing electronics) consist of only four elements: a diode laser, a diffractive optical transmitter lens, a collection lens (diffractive or refractive), and a detector. It is possible to place the laser diode and the detector remotely and connect to the sensor with light carrying (single-mode and multimode) optical fibers. The laser light is focused by the diffractive optical element (DOE) into an elongated ring as shown in Figure 9 . As particles pass through the high intensity ring, they scatter light to the collection lens that focuses to a receiver fiber or detector. The collection lens is placed in the forward scattering to take advantage of the strong Mie scattering signal intensity. The size of the particle is determined from the maximum of the signal intensity (Mie scattering theory) and the velocity of the particle is determined from the time-of-flight between the two lines of the ring. The particle velocity is an accurate indicator of the wind velocity provided that the particle is small enough to follow the flow motion. Preliminary tests using this sensor revealed that particles as small as 0.1 microns could be detected.
Conclusions
Two MEMS based optical microsensors, a micro wall shear stress sensor and a micro velocimeter, were described. Combined boundary layer survey and wall shear stress measurements showed that the MicroS 3 accurately quantified the weakly favorable pressure gradient present in the flow. Preliminary results obtained using the MicroV in microchannels indicated that these microsensors open a wide range of possibilities for complex optical diagnostics. In addition, preliminary tests using a MEMS based optical particle counter/sizer showed that the sensor was capable to detect particles as small as 0.1 microns.
